Short-term changes in vertical distributions of copepods during the spring 12 phytoplankton bloom were analyzed based on day and night vertically stratified 13 sampling (9 strata between 0-1000 m) with a fine-mesh (60 µm 
Introduction 30
Throughout the oceanic subarctic Pacific, the zooplankton fauna is characterized by the 31 predominance of a few large grazing copepods: Neocalanus cristatus, Neocalanus 32
flemingeri, Neocalanus plumchrus, Eucalanus bungii, Metridia pacifica and Metridia 33
okhotensis (Mackas and Tsuda, 1999) . Several aspects of their vertical distributions 34 had been evaluated before the 1980's: ontogenetic vertical migration (developmental 35 descent) of N. cristatus and N. plumchrus (Minoda, 1971; Sekiguchi, 1975) , seasonal 36 ontogenetic vertical migration of N. plumchrus in the Strait of Georgia (Fulton, 1973) , 37 diel vertical migration (DVM) of M. pacifica and lack of DVM in its adult males (C6M) 38 (Morioka, 1972; Marlowe and Miller, 1975) , diapause of E. bungii and transportation of 39 its resting stocks along the lengths of fjords (Krause and Lewis, 1979) . 40
The most comprehensive information on diel, seasonal and ontogenetic 41 vertical distribution came from studies of Neocalanus spp. and E. bungii (Miller et al., 42 1984) and M. pacifica (Batchelder, 1985) at Station P in the eastern subarctic Pacific. For Neocalanus spp., sex determination was possible only for C6 (Kobari and Ikeda, 121 1999 , 2001a , 2001b . 122
Analysis of data 123
To make a quantitative comparison possible, the depth above and below which 50% of 124 the population resided (D 50% ) was calculated for each copepod species (Pennak, 1943) . 125
Additional calculations were made of quartile depths above which 25% (D 25% ) and 75% 126 (D 75% ) of the population occurred. Day vs. night differences in vertical distributions of 127 each copepodid stage were evaluated by two-sample Kolmogorov-Smirnov tests (Sokal 128 and Rohlf, 1995). To avoid errors due to small sample sizes in this DVM analysis, 129 comparisons were done only for stages with >40 individuals m -2 (ind. m
Results 137

Hydrography 138
Temperatures between 0 and 1000 m varied from 1.0 to 6.1˚C during 8 March to 29 139
April 2007 (Fig. 1a) . In the upper 400 m temperature was higher (3-6˚C) in 8 March, 140 lower (1-3˚C) in 5 April. Salinity varied from 33.0 to 34.4, increasing downward ( , and was high on April dates and low on 8 March (Fig. 1c) Abundance of M. pacifica varied from 3,000 to 44,000 ind. m -2 and gradually 153 increased during 5-29 April (Fig. 2b) . All of its copepodid stages occurred throughout 154 the study period, but C6 dominated on 5 April and C1 dominated on 23 April, causing a 155 decrease of the mean stage of M. pacifica to around C3 on 23-29 April (Fig. 2b) . 156
Abundance of M. okhotensis fluctuated between 300 and 2,300 ind. m -2 (Fig.  157   2c ). Throughout the study period, C5 and C6 were its dominant stages. The 158 proportion of C6 was greater on 8 March than on the later dates (Fig. 2c) . The mean 159 stage of M. okhotensis was stable around C5-C6 throughout the study period. 160
Abundance of N. cristatus varied between 900 and 3,500 ind. m -2 (Fig. 2d) . 161 cristatus slightly increased during the study from C2.0 to C2.8 (Fig. 2d) . April and was about C2 on 23-29 April (Fig. 2f) . 173
Diel variation of vertical distribution 174
Eucalanus bungii were distributed between 250-500 m both day and night on 8 March 175 while C3 remained in deeper layers. All C3-C6 were distributed near the surface on 23 178
April. On 29 April, newly recruited C1-C2 dominated, and C1-C4 were distributed 179 near the surface. Later stages, C5 and C6 showed bimodal vertical distributions near 180 the surface and from 150-250 m. Throughout the study period, no sexual differences 181 in vertical distribution were detected for C4-C5, but C6M were distributed below 150 m 182 both day and night, not occurring closer to the surface. For none of the copepodid 183 stages were day vs. night differences observed in vertical distribution (no DVM) at any 184 time during the sampling (Table 2) . 185
Daytime distribution depths of M. pacifica on 8 March were from 150-250m 186 for C1-C3, 150-500 m for C4 and C5, and 250-500 m for C6 (Fig. 4) at night, while C4 and C5 remained between 150-500 m both day and night (Fig. 5) . 202
The C6M were distributed from 250-500 m both day and night throughout the study. 203
The magnitude of DVM was 71-358 m for C5 and C6F (Table 2) . throughout the study period (Fig. 7) . DVM of N. flemingeri was only detected for 216 stage C4 on 8 March, but the amplitude was small (66 m). 217 C1-C5 of N. plumchrus occurred steadily during 23-29 April, and were 218 concentrated in the 0-50 m layer (Fig. 8) April, C1-C4 of E. bungii were collected above 50 m, and C5-C6 were found from 100-230 200 m, consistent with a developmental decent pattern (Fig. 9a) . 231
Ontogenetic variation in vertical distribution of M. pacifica in daytime was 232 C1-C3 distributed above 200 m, C4-C5 and C6F from 300-500 m and C6M from 400-233 800 m (Fig. 9b) . Nighttime depths of C1-C6F of M. pacifica were around 100 m on 8 234
March, shifting to near the surface on 5 and 11 April, when the DVM was observed, 235 not varying with stage. On 23 and 29 April, most of the stages of M. pacifica, except 236 C6F, stayed down at the daytime depth throughout the night (Fig. 9b) . 237
Daytime distribution of M. okhotensis was concentrated around 400 m, and no 238 ontogenetic differences were evident ( 
Analysis of the data 258
To evaluate DVM, we applied two-sample Kolmogorov-Smirnov (K-S) tests (Sokal and 259 Rohlf, 1995) . While the robustness of this test for evaluating DVM of zooplankton 260 can be questioned in the case of the great differences in abundance between day and 261 night (Venrick, 1986), we have checked those differences and found them to be less thangreater 10-fold (Table 1 in Venrick, 1986), we consider it appropriate for our evaluations 264 of DVM (Table 2) . 265
Effect of water mass exchange 266
As a possible cause of changes in vertical distribution of large copepods, water mass 267 exchanges must be addressed. Repeated water mass changes were observed during the 268 study period; thus modified Kuroshio water was present at A-5 on 8 March 269 characterized by high temperature (6˚C) and salinity (33.6). Coastal Oyashio water 270 was present on 5 April characterized by low temperature (1˚C) and salinity (33.2). A 271 mixture was present from 11 to 29 April (Fig. 1 ). Vertical distribution of large 272 copepod species may be affected by the changes in water mass. However, we 273 conclude that the effect of water mass exchange on vertical distribution of large 274 copepods was rather small compared to causes endogenous to the population. Vertical 275 distribution of the large copepods is limited by high temperature, such that N. cristatus 276 stays below a surface layer at 12 ˚C for, N. plumchrus below 15˚C and M. pacifica 277 below 20˚C (Morioka, 1976 (Morioka, , 1977 . Compared with those temperatures the observed 278 temperature and salinity ranges in this study (1-6˚C and 33.0-34.4) were both narrower 279 and well within favorable conditions for these large copepods. Thus, we assume the 280 water mass exchanges had minimal effects on the vertical distributions of large copepod 281 species.
Eucalanus bungii 283
There are several prominent findings on vertical distribution of E. bungii: (1) 284 recruitment (upward migration) to the surface layer was earlier for resting C6F than for 285 resting C3-C4; (2) newly recruited C1-C3 were distributed from 0-50 m (Fig. 9a) In the present study, E. bungii was in diapause at depth on 8 March, while 292 apparently arousing and migrating upward on 5 April (Fig. 9a) . What is the proximal 293 cue that arouses E. bungii from rest at depth? While there are no studies concerning 294 this for E. bungii, several factors are reported to be the cue for other copepods. would not likely have been the case in our study, because the distributions of late 312 copepodid stages of suspension feeding copepods (for instance N. cristatus C5) were 313 well below 0-50 m (Fig. 6) . 314
Metridia pacifica 315
Diel vertical migration behavior of M. pacifica is well known (Tsuda and Sugisaki, 316 1994; Takahashi et al., 2008). In our sampling on 23-29 April, C1-C4 of M. pacifica 317 stayed in the same layer both day and night (Fig. 9b) . However, part of the C5F/M 318 stock migrated upward at night, while majority stayed between 150-500 m throughout 319 the day. Consistent DVM was only observed for C6F (Fig. 4) . In several locations 320 and seasons, cessation of DVM has been reported: the eastern subarctic Pacific in winter 321 (Batchelder, 1985) and the western subarctic Pacific in June and August (Hattori, 1989) . 322
According to Hattori (1989) , staying in the 200-300 m layer throughout the day is 323 possible for M. pacifica copepodids because they can obtain enough food at that depth; 324 damaged diatoms and fecal pellet-like particles were found in their guts. ) at a given depth (Z: m). We can 343 take the dry mass (DM: mg ind. 
Metridia okhotensis 359
Metridia okhotensis showed short-term changes in DVM behavior. They stayed 360 around 400 m both day and night on 8 March. The C5 and C6F migrated to the 361 surface at night on 5-11 April, while on 23-29 April only C6F migrated upward (Fig. 9c) . (Fig. 9b, c) . 380
Cessation of DVM, except for that of C6F on 23-29 April, was common to 381 both M. pacifica and M. okhotensis (Fig. 9b, c) . During this period, both species were 382 actively spawning (Yamaguchi et al., this issue). Since the survival rate of larvae and 383 juveniles would likely be greater in the surface layer, where phytoplankton are abundant 384 (Fig. 1) , near-surface spawning at night places the young with their food source and 385 continuing DVM may improve survival chances for females.
Other stages with 386 sufficient food at depth would gain little from upward migration and increase their risk 387 of predation (Table 3) The C2 of N. cristatus were located above the C1 (Fig. 10a) . Since N. They were concentrated at 0-50 m both day and night on 5-29 April (Fig. 7) . A similar 417 upward migration from residence in a subsurface layer before a bloom to the surface 418 layer during the bloom was reported for E. bungii explanation may fit the shifts in this study. Metridia pacifica was deeper before the 428 bloom (8 March) than after its onset (5 April) (Fig. 9b) . The upward shift of the C1-429 C4 distributions of N. cristatus and N. flemingeri occurred in the same interval (Fig. 10a,  430 b). On the other hand, the shallower distribution patterns could have been a response 431 to changes in water column structure. Temperature and salinity profiles were 432 homogenous around 6˚C and 33.6 throughout 0-200 m on 8 March, while a thermoclinewas present in the upper 100 m during 5-29 April (Fig. 1a) (Fig. 10) . The boundary between these groups 458 shifted vertically, but was sharply defined and was often coincident with a weak and 459 (Fig. 3) . Both M. pacifica 474 and M. okhotensis exhibited some DVM behavior. When the sinking flux provides 475 sufficient food at depth, the Metridia juveniles cease DVM and stay at daytime depths 476 throughout the night, while C6F continue DVM (Fig. 4) C1  C2  C3  C4F  C4M  C5F  C5M  C6F  C6M  C1  C2  C3  C4F  C4M  C5F  C5M  C6F  C6M  C1  C2  C3  C4F  C4M  C5F  C5M  C6F  C6M  C1  C2  C3  C4F  C4M  C5F  C5M  C6F  C6M  C1  C2  C3  C4F  C4M  C5F  C5M  C6F  C6M 8 Mar. C2  C3  C4  C5  C6F  C6M  C1  C2  C3  C4  C5  C6F  C6M  C1  C2  C3  C4  C5  C6F  C6M  C1  C2  C3  C4  C5  C6F  C6M  C1  C2  C3  C4  C5  C6F 
